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ABSTRACT 

A series of 12 monthly flights along a fixed path in Wisconsin and a series of 4 long-range flights over extensive 
areas of the United States and Canada were performed during 1963 to  measure systematically the surface albedo over 
various types of the earth’s surface, using an instrumented light airplane operating at a low lcvcl. An approximate 
total of 24,000 mi. was flown and roughly 210,000 sets of the measurements were processed for this study. Techniques 
of measurement and data trcatment are discussed. 

It is shown, and discussed in detail, that  the regional differences and scasonal variations of the surface albedo 
due t o  the  structure and state of the earth’s surface cover are significant. The snow cover is the most important 
modification of the earth’s surface, giving a significantly higher albedo. A quantitative relationship between the 
increase of surface albedo and snow cover is examined. The surface albedo measured during the flights over typical 
surface covers over North America, including cities, is presented. The surface covers and their textures over the 
North American Continent were studied mainly in terms of land use, vegetation type and phenology, soil type, and 
ground snow cover. The surface albedo values were estimated for various regions of the continent from the flight 
measurement data, considering the similarity and differences in surface structure among the regions. The resulting 
seasonal albedo maps of North America are presented and discussed, along with the seasonal variation of the meridional 
profile of the continental surface albedo. 

1. INTRODUCTION 

The surface albedo is a measure of the reflectivity of the 
earth’s surface to  solar radiation, and is defined as the 
ratio of the reflected solar energy to the incident solar 
energy at  the earth’s surface. 

Since the fraction of the incident solar energy which is 
not reflected at  the earth’s surface represents the absorbed 
solar energy available for differential heating of the lower 
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atmosphere, the study of the surface albedo has vital 
importance in the study of the atmospheric heat budget 
with its connection to problems of general circulation, 
air mass modification, and regional climate. It has 
long been recognized that the horizontal and seasonal 
variations in the earth’s complex surface features should 
control those of the regional surface albedo, and that the 
understanding of the overall picture of the surface albedo 
is an important step in atmospheric research. 

Albedo measurements by means of stationary instru- 
ments, which constitute most of the reported investiga- 
tions, may be suitable over certain simple and uniform 
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types of terrain, but  they are of only limited use in dis- 
cussions of the albedo of larger and usually more complex 
surfaces. Measurements by airplanes flying at  high 
altitudes can overcome this difficulty (see, for example, 
[29]), but extrapolation to the surface level is generally a 
problem because no firm albedo-height relationship has 
been established for the range from the surface to high 
flying altitudes. Indirect determination of the surface 
albedo from brightness of a photograph obtained by 
meteorological satellites [ 5 ]  or airplanes is subject to 
calibration problems and complex instrumentation. Dif- 
ferences in technique and instrumentation sys tems used 
by various investigators cause further hazard in combining 
their albedo values to study an orerall continental 
surface albedo. 

Bauer and Dutton [l, 21 demonstrated the suitability 
of an instrumented light airplane for surface albedo 
measurements of this type in their regional study of 
south-central Wisconsin. In  the present study a light, 
twin-engined plane, equipped with an upward-facing Iiipp 
and Zonen hemispherical solarimeter and a downward- 
facing parabolic reflector with a Kipp and Zonen solarim- 
eter at  the focus, ~lras used for a series of monthly 
flights over W’isconsin and for long-range flights over 
North America. Use of an instrumented light airplane 
permits albedo measurements over areas of large size 
impossible with stationary instruments, yet from a lorn 
level so that height correction of measured albedo values 
is not necessary. 

In  nature, any regional area larger than a micro- 
meteorological stationary site is hardly expected to have 
a simple and uniform surface cover texture. It is rather 
expected that even within a “uniform” area, micro- 
meteorological parameters, including the surface albedo, 
should show considerable variability because of the com- 
plexity of the components of the surface cover and their 
complicated response to the enrironment. In  this study 
the surface albedo values, intensively measured along 
selected flight paths, are averaged for each section on the 
paths where relatively “homogeneous” or variously inter- 
mingled surface covers are recognized. The averaged 
surface albedo values will be regarded as the regionally 
representative values of the sections of the particular 
geophysical features. The variability of the measured 
albedo values within a section may be regarded as repre- 
sentative of the heterogeneity of the surface features in 
the section. 

I n  order to study the regional surface albedo in relation 
to the suriace covers of the North American Continent, 
flight measurements were performed along a selected path 
in Wisconsin every month in 1963 and along four long 
paths over the United States and Canada during 1963 to 
observe the albedo of different textures of the earth’s 
surface a t  various times of the year with a single set of 
instruments. The methods and results of the albedo 
measurements will be delineated and discussed. In  an 
effort to use the results of the flight measurements in 

eraluating regional surface albedo, the surface covers and 
their textures over North America were studied mainly 
in terms of land use, vegetation type and phenology, 
soil type, and snow cover. The surface albedo values mere 
estimated for various regions of the coiitiuent from the 
measured albedo data, considering the similarity and 
differences in surface structure among the regions. The 
regional albedo values will be presented in the form of 
continental albedo maps for different seasons, and the 
significance of horizontal and seasonal 1-ariations of the 
surface albedo will be discussed. 

2. INSTRUMENTATION 

The airplane used for the measurements in this study 
was a Cessna 310, a twin-engined four-place airplane with 
a cruising speed of 180 m.p.h. and a range of approximately 
800 mi. Extensive modifications for meteorological meas- 
urements have resulted in a less streamlined airplane that 
is near the maximum allowable gross weight (with a full 
fuel load, a pilot, and an observer), and that has a reduced 
cruising speed of about 165 n1.p.b. 

An instrument housing, about 1.0 m. long, 0.4 ni. wide, 
and 0.25 m. thick, is mounted on the bottom of the air- 
plane to proride a horizontal protected surface for down- 
ward-sensing instruments. A downward-facing parabolic 
reflector, with a Kipp and Zonen solarimeter mounted a t  
the focus, is contained in this housing and measures the 
upward stream of the reflected short-wave radiation. 
With the landing gear retracted, the reflector has an 
unobstructed view of the ground. The effective bemi  
width of the reflector is about 4O, so that a t  300 m. abvve 
the ground, the solarimeter measures radiation from a 
circle on the ground of roughly 21 m. diameter. 

An upward-facing Kipp and Zonen solarinieter is 
mounted on the top of the airplane, midway down the 
fuselage, t o  measure the downward stream of solar 
radiation. Essentially, the only obstruction to  a 2 ~ -  
steradian upward view is the lateral cross-section of the 
vertical stabilizer. If the radiation field sensed by the 
top solarimeter is assumed to be homogeneous and iso- 
tropic, the amount of radiation contributed by the area 
of the vertical stabilizer is less than 0.6 percent. The only 
time, therefore, that the effect of this obstruction is not 
negligible is when the stabilizer casts a shadow on the 
solarimeter. This can happen only if the sun is less than 
37 O above the horizon. This situation occurred on several 
midwinter flights, but only for a few seconds a t  a time. 

The Kipp and Zonen solarimeter gives an output pro- 
portional to the incoming solar radiation of about 8 niv. 
ly.-I min. with an internal resistance of about 10 ohms. 
The absolute long-term calibration, according to Bener 
[3], is accurate to an error of less than 4 percent and the 
time constant is about 2.0 see. The greater ruggedness 
and faster response of the Ilipp and Zonen solarimeter 
as compared to, for example, the Eppley pyrheliometer, 
makes it a more desirable instrument for measurements 
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from an airplane, though i t  is :ipp:irent that  >in e\-en faster 
instrumcnt woulcl be desirable for mcasuring albedo 
variability as a function of position. Tlic output of the 
solarimcters is recorded on a Honcywcll 906B Visicorder 
Oscillogrtipli in the form of a trrtcc o n  liglit-sensitive p iper  
t h t  is fcd through thc recorder i I t  0.2 iii./scc. 

Sincc tlie bottom rtidionietcr does not mcasurc tlic 
upward reflected radiation directly ovcr 27r ster:idirms, 
the mcasurcd nlbcdo is not a Iicrnisphcric albedo, but a 
bcam albedo of thc t~rcti intercepted by thc 4” cffcctive 
bcam wiclth of thc dowiiw:brd-facing partbbolic reflector 
used in the measurements. By using this beam albeclo 
measuring system i t  is possible to observe the siirfncc 
iilbedo down to the scale of tlic dbedo rarintion from one 
small area of a surf:icc struetiire to another. Thc eifcct 
of the rcflcctor is to reduce thc effective bcam widtli to 
4”,  but increase the t~mount of radiation per solid :tnglc 
on thc solnrimctcr. It is possible, howcvcr, to relate this 
bcam albedo to the hcmisplic~~ic:tl albedo by conip;ii~ing 
the two. 

Bauer rind Dutton [2] and Dutton [9] assumed tlirit a 
fresh layer of snow on the ice of :L lake W:LS i i  homogeneous 
r~tid isotropic surface, rtncl me:bsurcd the 1iemisphcric:~l rmcl 
beam albedo values over such :i surface. Since the beiim 
dbedo must agree with the hetnisphericrtl tilbedo over a 
homogeneous and isotropic surface, they found the vrtlue 
1.294 to be a calibration factor for the bcttm reflector to 
incorporate all devititions from the ideal pnrnbolic rcflcc- 
tor; Le., hemispher.icn1 albedo =true bmrn nlbeclo= 
(I .294 ><measured albedo over. a homogeneous anel iso- 
tropic surface). l‘licy furtlicr showed that the ratio of 
hemisphericd albcclo to (1 2 9 4  x measurecl beam dbeclo) 
TWLS very close to unity for v:irious types of terrain without 
snow cover, escept water. hltliough this agreement 
between the hemisplierical and bcam albedo over \rrii.ious 
surfaces does not necessarily imply isotropic and homo- 
geneous radiation, except in the cases of uniform snow 
cover (see [2]), this provides a wa37 to convert the me:isured 
beam albedo to the hemispherical albedo. In  this study, 
the same reflector used by  Bnuer and Dutton was used, 
mid the calibration factor 1.294 was applicd to  rtll the 
measurements. 

A further aclvantage of the bc:im reflector is the con- 
siderable reduction of the errors in albedo measurement 
which result from horizon light and internit1 reflections 
(see section 4 and [19]); this is important since the hemi- 
spherical measuring system suff’ers seriously from errors 
of this nature a t  lower sun angles. 

3. FLIGHT PROGRAM 

T o  study the basic features of the surfnce tilbedo wii-ia- 
Lion in reltLtion to the type of surface cover and tlie iii:~rch 
of seasons, it is desirable to observe the surface albedo in 
a rather intensive manner along n fised route. A regular 
fiight path in Wisconsin, which included as many various 
surface types as possible of a middle latitude zone, was 

TARLE l.-Princival sicrface covers arid soil luves along the selected 

Section 

11 ..-............ 

I2 _._.____....... 
13, 14 ............ 

15 ...____........ 
1 G  .___........_.. 

17,18, 19, 20 

21 

22 _._____ .. . 

w . - - -. . . . . . 
24, 25 

- -. 

2s .__.._ .... 

2 i  __.......... 
2s _...___ -. . . - 
29-. .. - - - -. . . . . . . 
30. ._ - - - - -. . . . . . . 
31. _____.. .. . 

32-. .._ - - -. . . . . . . 
33.. .. . . -. . . . ... . 
34-. .. . . -. -. . . .. . 

35 ___... . .. . .. ... 

3e, 37 ___......... 

38.. . . -. - ._ - -. __. 

30 ..._ ._ _.. ._. ... 

40, 41, 42, 43 _.... 
44, 45, 40, 47, 48.. 

‘ J igk t  pu lh  over 1Visconsin~’ 

S:lrhce corer (land use type aiid forest type) 

Wootly a$ricultural land. 20-38%. I,o\vluntl 

Woody arriculturnl land. 20-3uY0. Lowland 

Woody acricultural land. 20-39%. Oak-hick- 

Iiartlwoods. 

hmtl woods. 
.. 

ory. 
Productive a~ricul tural  land and forest. 15- 

S!)70. Oak-hickory-l)ines-asl,en-liorthrrn hard- 
woods. 

\Voody agricultural nntl land forest. 15-59%. 

I k c s t .  4&59% Oak-hickory ..._.____......__. 
Forest. 40-59%. Nortliern liard\\~oods-asgeii- 

Forest. 40-59%. I’incs ....__......____....-.... 
l’roductive aericultnral land and forest. 15- 

I’rorluctive agricultural land. ~57~.  __......._ ~ 

l’inos-oak. 

oak. 

3S70. Aspxi-nortliern Iiardmootls-sI)ruce. 

\Vootly agricultural land. 40-50700. Northern 
Iiartlmood. 

\Yootly agricultural land and, forest. 40-59%. 
Northern hartl\\.ootl-asl,cil-plncs. 

Forest. 40-i9%. Asyen-bircli-nortliern hard- 
\voods. 

Forest. FO-i9%’,. Aspen-northern I lmlwoods. .. 

Forest. SO-iS%. Nortlicrn hardwoods 

Porest. ti&79%. Aspcn-birch ..._.__......... ~ 

Productive agricultural land. 15%- __.___..... 

Woody agricultural land. 15-5070. Northern 
Iiartlwoods. 

Yorest. 40-597”. Northern hardwoods 
Eorest. 40-59%’,. I’incs ...._ ... . . ._ _ _  __.. .. . .. . . 

Productive and woody agricultural lands. 15- 
59%. Oak-hickory. 

l’rotluctive and woody agriculture1 lands. 15- 
507“. Oak-hickor).-iiortlicru hard\voods. 

l’rotluctive agricultural kind. 19%. __.. . . . . . . . 

I’roductive agricultural land m e r  Circen Hay 

Productive agricultural land. 15%- __......... 
Higlily productive agricultural land. 1570..... 

suburbs. 15%. 

East-sidc suburb of Aladison _____...____..._... 

Ilowntown M adison ___________________.-...... 

Soil type 

Hlack silt loanis. 
Cireyisli-liroivn silt 

Greyish-brown silt 

S;Lnds. 

1’c;lt. 

Sands 

Santls and ycat. 

1o;lms. 

loains. 

SillldS. 

Santls. 
I’c:It ~ l n d  santls 

Santls. 
S:Lntly 1onnis 

Greyisli-yellow l0:lnIs. silt 

Greyish-ycllow silt 
loal l ls. 

Greyish-yellow 
iind ercvisli 
lo3111s. ” 

Circyish loanis. 

Ci rcyisli-ycl low 
silt lo.~iiis. 

I’c:1t and mnck. 

Cireyish lonms. 
Greyish loxiis. 

Circyisli Ioaitis, 
iind snnds. 

Ciroyisli Ionins, 
mil sands. 

Sands and  grcyisli- 
yello\r.siltlo;iiiis. 

Greyish loanis. 

Greyish l o a n ~ s .  
Circyisli loanis, 

;mil s m d s .  
Sands. 

Greyish-brown 
silt lnains. 

Redisli clay silt 
loains and grcy- 
ish loanis. 

Hctlisli clay loanis. 

I~ed i sh  clay Ionins. 
Greyish-brown 

ancl black silt 
loallls. 

Clrcyisli-hromn 
and black silt 
lonms. 

*Indicates percentage of land arm forested. 

selected for monllily observatioits. The entire flight pith 
was divided into 51 sections. These were numbered froni 
0 to 50. Specid tittention w-as paid to dividing the flight 
path in such a way tliiLt a uniform surface c o ~ e r  or 21 

texture of typically niised surface covers coulcl be recog- 
nized along :i section. The Wisconsin flight path ana 
sectional divisions are sho\vn in figure 1. Gener:il leatures 
of the surface covers and soil types of these 51 sections 
are listed in tnble 1. Detailed information i~iid further 
subdivisions were considered in albedo mapping, but thcir 
descriptions are not cont;tiiied in table 1.  For these, 
reierence may be made to maps and publictitioris of 
Curtis [7],  Hole and Beatty [17], Stone and Tliorne [35] ,  
Wisconsin Conservation Department [4 31, Wisconsin Crop 
and Tivestock Reporting Service [44], arid Wisconsin 
State Department of Public Instructlion et  al. [45]. 
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15 percent of the area is occupied by trees. 

percent of the area is occupied by trees. 

Under the 

As indicated in 

Date (1963) Middleton- category of woody agricultural land, 15 percent to 50 Rhinelantler 

January 24 ________. 11:30-13:15 table 1, major forest types of Wisconsin include white-red- February 21 _.____.. 11:25-13:18 
March 21 ..___._..._ 10:20-12:OO jack pines, swamp conifers (spruce and fir), oak, hickory, April 11 ....._______ 10:35-12:12 
M a y 2 3  ..._______.. 10:1C-12:07 lowland hardwoods (elm, ash, and cottonwood), northern June  12 .__.......... l l : M 1 2 : 4 0  
J u l y 2 5  ...._......._ 11:25-13:05 hardwoods (maple and birch), and aspen. August 21 ..._...... 11:00-12:33 
September 26 .___.._ 9:3&11:13 The series of 12 monthly flights over the selected October 29 _._..__._ 10:00-11:35 
November 19 _._.... 9:48-11:24 
December 19 ._____. 11:25-13:lO Wisconsin flight path was begun in January 1963 and 

\ I / 

Rhinelander- 
Middleton 

13:45-15:15 
14:50-16:lO 
13:00-14:30 
13:20-14:45 
13:33-15:OO 
13:47-15:OO 
13:53-15:15 
13:20-14:48 
12:19-13:43 
12:37-14:oO 
12324-13346 
14:00-15:20 

Vol. 92, No. 1 2  

32. 

38.; 

26.3 

35.7 

- 
\ 

- 
- 

45.2 

FIGURE 1.-Flight path over Wisconsin and measured surface albedo of the monthly flights. 
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along the path, starting and ending a t  Morey Airport, 
Middleton, Wis., with a landing a t  Rhinelander, Wis., 
between sections 26 and 27, for refueling. The dates 
and local times of the flights are listed in table 2. 

I n  an attenipt to take :LS many nieasurenients as 
possible of surface albedo over various regions of Nortli 
America, four long-range fliglit observations were per- 
formed over the United States and Canada on tlie follow- 
ing dates in 1963: March 17; April 14-17; June 28- 
July 3; September 5-10. The flight paths are shown in 
figure 4. All four flights started and terniinated at 
Morey Airport, Middleton, Wis., with necessary stops 
during the flights. All four paths were flown in the 
counterclockwise direction. The March 17 flight mainly 
covered the Corn Belt. The April 14-17 flight covered 
the central United States, including the Corn Belt, 
midwestern and southern type croplands, pttsturelaiids, 
open woodlands, and eastern forests. The June 2S- 
July 3 flight covered tlie northern United States and south- 
central Canadti, including northern type forests, farmlnnds, 
pasturelands, grasslands, and woodlands. The September 
5-10 flight covered extensive areas in tlie north-central, 
southwestern, southern, southeastern, and eastern United 
States, including various types of deserts, shrubland, and 
marshland in addition to surface types mentioiied tibo\-e 
for the other three flights. The four flight paths were 
subdivided into a total of 1,111 sections in accordance 
with the texture of the surfnce covers and the conTenience 
of the data treatment. General fetttures of surface 
covers along these flight paths may be obtuiiied by 
comparing figures 4 and 5 .  

The monthly Wisconsin and four long-range flights 
totaled approximately 24,000 mi. 

4. TECHNIQUE OF MEASUREMENTS 
The Wisconsin monthly flights were scheduled so that 

the measurements were taken as close AS possible to 
local noon in order to reduce errors from low sun angles. 
I n  flying the long-range paths, measurements were taken 
during two to four hours before and after the local noon 
hour. The measurements taken during the hours of 
relatively low sun angles (usually before 10 i i . n i .  and 
after 3 p.m. local time) were carefully checked against 
the measurements taken oT-er similar surfaces during 
hours of higher sun angles to eliniinate erroneous mea- 
surenien ts. 

It has been recognized (see Bnuer and Dutton [I], and 
I h h n  and Suomi [19]) that  the surface albedo, especially 
the albedo obtained by  the lieniispherical system, rapidly 
increases mliile the incident solar radiation diminishes 
when the sun angle becomes quite small. I h h n  and 
Suonii [19] showed that from 6 a.m. to 6 p.m. in tlie 
summer a t  O'Neill, Nebr., use of a benni reflector could 
rirtually eliminate this apparent increase in albedo caused 
by the horizon light and internal reflections sensed by an 
inverted Eppley a t  low sun angles. The flight investi- 
gation of Bauer and Dutton [1] in Wisconsin iridicittes 

FIGURE 2.--Dcpth of ground snow cover, in iiichw, for tho flight 
dates over Wisconsin. 

that  on April 21, 1960, the albedo \ d u e s  metmred both 
by  the beam system and the hemisphericid system showed 
no effect from the sun angle a t  least between 10:23 :md 
13:59 lociil time. According to Bener [3], the Kipp and 
Zonen solarimeter has an nccurucy mitliiii t ~ n  en*or of 3 
percent for global radiittiori nieiwrenients a t  sun :Lngles 
of less tlian 75". Some of tlie winter nietisui'eiiieJits of 
the Wisconsin flights, and morning and afternoon meiis- 
urements of the long-range flights were, of necessity, a t  
sun angles less thnn 60", but only :L small :Ltiiount of the 
data w:is eliniinateci for obvious errors resulting from 
low sun angles. 

During the flights, an dti tude of 300 ni. above the 
ground and a cruising speed of 165 1n.p.h. was kept as 
constant as possible. Kuhn and Suomi [In] found an 
average change of bettm albedo with height of about 1 
percent per 1200 m. Bauer and Dutton [2] reported 
thtit the albedo niensurements made a t  altitudes up to 
300 m. were within bhe error tolerance of the instruments. 
Since all the albedo measut*ements in this study were a t  
altitudes of about 300 in., except ia extremely mountainous 
areas, tlie height effect is assumed to  be negligible. 

The cloudy sky, especitdly t,he partly cloudy sky, c:m 
produce erroneous nlbsdo measurements. For esiimple, 
one of the solarinieters may be measuring in tlie direct 
sun light while the other may be measuring under a cloud 
shadow. Also, tlie raditttion on the top sdiirimeter 
significantly increases when the sun is close to the edge 
of a cloud. When these cloud edge effects are not present, 
however, the albedo values measured under cloudy concli- 
tions seem to  bc coinparable with those takcn under 
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clear sky conditions. Bauer and Dutton [I, 21 uscd 
albedo values takcn undcr v:trious sky conditions, from 
clear to overcast, to show seasonal and rcgiond albeclo 
variations witliou t sceming difficriltics. 

I n  this stiidy, an effort was made to take met~surcnicnts 
on days when the sky was r e l a t i d y  frcc of clouds, through 
it was inipossiblc completely to avoid clouds. Tlic dutzi 
affected by cloud edges, thick clouds, and clouds nc:w 
the airplane wcrc carcfully c1iniin:itccl by inspecting ttic 
Auctimtions of the tracc on thc recording strip with 
reference to the flight records. The clatn takcn undcr 
sciittcrcd clouds were checkcd cnrcfully wlicnc\w possiblc 
against the data over similar surfitcc structures taken 
under clear sky conditions. Specittl care was takcn in 
reading thc recording strip to cliiiiinate the effccts of 
other disturbing factors : records taken when the airplane 
was not in straight and level flight, when the verticnl 
stabilizer cast IL s1i:idow on the top-facing solnrimcter, 
d e n  the instriunents did not function properly, or ~vlien 
other possible sources of error appearcd on thc recording. 

Simul til neo us outputs of top and ground- lacing solari- 
meters were recorded continuously on the visicordcr oscil- 
lograph during the mcasuremcnts over tlie mliole flight 
path. Thc positions of the airplanc during the flight ~verc 
mnnunlly recordcd. Continuous traces on tlic light-scnsi- 
t i n  paper of recordings from both soltirinieters wcre 
evaluated for tlic sanic instants of sensor time. Tlic 
traces wcre read every second on tlic rccordiiig strips for 
the nionthly Wisconsin flights and the Mt~rch 17 long- 
range flight, corrcsponding to a spacing of about 0.07 kni. 
This is an adequate interval for the data cvnluntion of this 
study, and is almost the dcnscst interval possible to ob- 
tain meaningful readings in accordance with the response 
time of the Iiipp slid Zoiicii solnrimctcr. For the other 
three long-range flights thc traces werc read every 3 scc. 
of the flight, an intcrval of about 0.22 km. After all 
sceniingly disturbing parts of the recorded data had been 
eliminatcd, approximately 210,000 scts of siniultancoris 
readings from both solnrimeters mcrc prepared in digital 
form by a semi-au tomatic card-punching systcni. By 
means of suitable calibration factors, the surfnce albedo 
valiics of all sets of readings, and consequently the mean 
regional surface albedo d u e ,  the stnndnrd deviation of 
the surface albedo, and a coefficient of vuriability of tltc 
albedo (i.c., ratio of standard deointion to mean: SCC Stccl 
and Torrie [33]) wcrc computed for cncli section on thc 
flight paths. The albedo and coefficient of variability arc 
both expressed in percent. 

5. REGIONAL CONTRAST AND MONTHLY CHANGE 
OF SURFACE ALBEDO IN WISCONSIN 

The computed nieaii surface albedo \-nlucs for each 
scction of the Wisconsin flight path, which hereafter will 
be refcrred to as the surface albedo of thc scction, of thc 
monthly observations from Januwy 1963 thou& De- - 
ccmber 1963 arc prescntcd in figure 1 .  May, August, 
and OctobeT albedo valrics may contain some cffects of through July. The srirfiLcc dbcdo, tlicrcforc, appears to 

clouds, sincc tlic nicasrircmcrits wcrc ttLkcri riiidcr broken 
sky conditions; tlic inc:Lsurcniciits of thc otlicr months 
wcrc tiLkcri rindcr c h r  or iic;irly clew conditions. [n 
figure 2, an importimt inodificiLtion factor of tlic surface 
structiire, tlic clcptli of the ground snow covcr on the flight 
datcs of Janriciry, Fcbrutiry, :Lnd hhirch, is d s o  mapped 
ovcr the Statc of Wisconsin. C1im:Ltologic:d clttta of ttic 
US.  Wcathcr BLI~C:LU [40] wcrc uscd in  plotting tlic snow 
depth. 

Persistent deep snow cover on the ground over most 
of Wisconsin W:LS the ctrnrrxteiistic surface feature during 
Jmuary and Februnry. 7‘he snow cover stjll esisted 
over most of the area in March. The ground was again 
covered by snow during the December flight. To avoid 
extremely Presh snow cover, the flight inensuremen ts 
were conducted two or three clays after a snowfitll, so 
that the snow cover migli t represent moderate “freshness” 
between snowfnlls. ‘Ihe snow depth 011 figure 2 shows 
the snow cover on the flight dates; however, it well es- 
presses the generd features of the persistent snow cover 
pattern from Lite winter to early spring in h4nrch. Snow 
depth on the December fiiglit date is not presented in 
figure 2 ;  the pthtteni was similar to that of Janurtry but  
with somewhat less snow accumulation than in January. 
(See US.  Weather Bureau [40]). 

The regional :illbedo \.dues during the winter months 
are clependent m ~ ~ i n l y  on two factors, snow albedo and the 
dnrkness of tlie newly black bodies (i.e., trees and build- 
ings, etc.). Figures 1 and 2 show that the surface albedo 
in deeply snow-covered productive farmlands, where i t  
ranges from 50 to 70, is considerably higher than that in 
innjor forest tireas, where i t  rnnges from 20 to 50. The 
snow-covered woody agriculturd lands show intermediate 
albedo vdues ritngitig from 35 to 5 5 .  The species mid 
dimensions of forest trees, and the reflective properties of 
snow m’e decisive factors in determining the albedo of the 
snow-covered forest areas. For exnmple, the following 
albedo vdues were observed in deeply snow-covered 
dense forests of various tree species: oak 32-42; pine 
19-37; aspen nnd birch 38-50; northern hardwood 19-36; 
swi~inp conifer 25-35. 

When the ground snow covcr is rntlier shallow, i.c., the 
snow depth is less than about 5 in., the value of surface 
nlbcdo is apparently related to the depth of snow and in 
turn probably to thc :trc:i of p:itclics covcred by tlic snow, 
though furthcr :mwmulntion of snow does not sccni ob- 
viously to incrcnsc the albedo. As can be sccn in figures 
I and 2, in soutlicrn Wisconsin thc surfacc albedo mcasurcd 
in h4arch dccrcascs significnntly southward as thc dcpth 
of snow decretiscs. ‘Phis north-south contrast is a wry  
significmt feature of tlic surface albedo in tlic carly spring. 

Albedo vnlucs obscr\wl in Wisconsin during ttic snow- 
frcc scason rangc roughly from 9 to 1s. Figure 1 indi- 
cates, h o ~ c \ ~ c r ,  thnt, in gcncrd, the surfiicc albcdo valucs 
observed in April nrc lowcr than those obscrvcd in JLII~C 
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12. X ( Z )  
15.4(10) 
13.3(11) 
15.2(11) 
13.9(18) 
12. 3(23) 
10.9(25) 
10. S(30) 
14.0(lG) 
Il .O(l i )  
12. I(20) 
1s. 4(9) 
15. S(l0) 
15.5(2G) 
14. 7(14) 
I8.3(19). 

Section 

14.40) 
15.4(10) 
13. i ( l1)  
17.8(G) 
10. 5( i )  
17.1(13) 
15.1(35) 
12.9(58) 
15.0(41) 
18. Z(l8) 
IS. 8 ( 2 2 )  
17.8(23) 
18.3(18) 
li.O(l0) 
15.0(18) 
.......... 

3 
9 

11 
18 
25 
26 
29 
30 
31 
33 
34 
39 
40 
45 
49 
50 

3 ....... 
9 .._.__. 
I1 ...... 
18 ...... 
25 ...... 
20 __.._. 
29 ...... 
30 ...... 
31 ...... 
33 .._._. 
34 ...... 
39 ...... 
40 ...... 
45 ...... 
49 ..___. 
50 

5.42 
3.18 
2.15 
3.53 
2.40 
2.25 
2.16 
3.08 
3.57 
1.5s 
1.55 
2.86 
3.22 
3.30 
2.41 

.............. 

Productive farm leiid .................................................... 
Woody farm land ....................................................... 
Woody farm land ....................................................... 
Productive farin land .................................................... 
.4spen-northern hard\voods. ............................................. 
Aspen-birch-s\\~itirip-conilers-pines. ...................................... 
Northern hard\\,oods .................................................... 
Aspen-birch ............................................................. 
Productive farm land ..._ ................................................ 
Northern hardwoods.. .................................................. 
Pines .................................................................... 
Farm land near Green I3ay .............................................. 
Productive Farm land .................................................... 
Productive f m u  land .................................................... 
RI  adison suburb ......................................................... 
Madison do\mtown ..................................................... 

3.95 
3.51 
2.44 
3.72 
3.08 
3.23 
2.51  
3.63 
3.46 
1.72 
1.G9 
2. i G  
3.33 
2.39 
1.22 
0.88 

G9.4(57) 
48. G(2l) 
28. G(26) 
53. i(17) 
33.3(33) 
27. i(31) 
23.5(35) 
32.3(20) 
so. O(19) 

44.0(30) 

S1.1(10) 
35.5(34) 

17.0(45) 
18.8(25) 

50. 9(10) 

......... 

2.52 I 
2.XS 
2.20 
3.72 
3.60 
3.28 
3.28 
4.39 
4. I I  
2.73 
3.11 
2.34 
3.09 
1.57 
0.88 
0.93 

50.5(17) 
54.1(23) 
32.4(30) 
5G. 5(18) 
42.8(27) 
39. i(30) 
27.4(51) 
38. l(28) 
48.402) 
18.9(70) 
20.5(67) 
42.5(31) 
52. 6 0 )  
37. l(15) 
17. 9 (45) 
14.4(15) 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

32.3(22) 
43.4(12) 
30.0(23) 
56.5(30) 
50.1(22) 
40.4(21) 

48. l(2G) 
57.5(15) 
30.005) 
37. G(37) 
36. l (22)  
48.8(14) 
24.3(69) 
12.9(42) 
15.2(17) 

35.5(44) 

.. 

1. 13 
1. 00 
1. 03 
1.17 
1. 19 
1.39 
1.39 
1.23 
1. 07 
1.65 
1.31 
1. 16 
1. 18 
1.10 
1.02 

1. 13 
1.05 
0. 95 
1.13 
1.10 
1.23 
1.33 
1.?3 
0.89 
1.35 
1. 13 
1. OX 
1.07 
1.01 
1.16 

14.5(23) 
16.2(27) 
12. G(31) 
17.2(14) 
15.3(17) 
15.1(17) 
14.5(10) 
12.9(15) 
17.5(20) 
14.9(15) 
13. i(1G) 
16. 601) 
16.9(6) 
15. G(20) 
17.1(15) 
......... 

0.74 
0.81 
0.7s 
0. 97 
0.81 
0. 82 
0.87 
1.02 
0.95 
0.81 
0.82 
0.92 
0.93 
0.90 
0.95 
1.09 

10.9(15) 

14. G ( i )  
13.0(14) 

12. F(17) 

13.9(13) 

12.1(11) 
10.3(10) 

l3 .Xl l )  

13. 7(13) 

12.3(13) 
12. i ( 1 3 )  
14.9(7) 
15. l(G) 
15.0(8) 
14.1(17) 
15.9(11) 

2.98 
2.42 
2. 29 
3. 16 
2.32 
2.38 
1.55 
3.29 
2.90 
1.57 
1.59 
2.28 
2.83 
2.92 
2 .57  
2.53 

9.5(23) 

10.0(12) 

11. 2(21) 

10. i(19) 

8.9(11) 
9.9(21) 

12.4 (10) 

14.7(13) 

10.1(15) 
9.5(11) 

13.3(1G) 

14.2(9) 
14. i(11) 
13.9(14) 
13.9(18) 
17. X(21) 

38. l(30) 
37.3(21) 
29.5(35) 
48.1(19) 
32.3(40) 
29.3 (34) 
17.0(24) 
34.5(30) 
40. G(27) 

19.2(01) 
17.3(31) 

3s. l(27)  
44. i(11) 
4s. 2(11) 
37. 8(32) 
41.3 (27) 

*See Table 1. 
'"Coeficient of variability shown in ( ) is percent ratio of standard deviation to the meail albedo in the section. 

be related to the phenological cycle of the vegetation. 
Luxuriant tree leaves and lower vegetation tend to reflect 
a greater fraction of incident solar energy (though actually 
Lxbsorbed solar energy may be higher because of stronger 
incident sunlight) than do fewer tree leaves or less dense 
lower vegetation. This type of observation may provide 
a quantitative approach to  large-scale bioclimatology or 
phenology. 

Probably another factor influencing the surface albedo 
is the soil moisture content. According to Angstrom's 
esplanation (see Geiger [IS]), when the soil particles and 
plant surface are covered with a film of water, incident 
rays cnn enter the water film in all directions, but only 
rays which can reach the surface of the water film within 
the limiting angle of total reflection can emerge. I n  
Wisconsin during April the soil moisture content is usually 
a t  or new- the field capacity as a result of water supplied 
by melted snow. This may contribute partially to low 
albedo values observed in April, but this cannot esplain 
the low valiies in the fall. I t  is possible that the effect of 
soil nioisture on the surface albedo is hindered by  the 
phenological cycle of vegetation covers. 

Soil types can affect the surface albedo directly through 
soil color and water holding capacity and indirectly 
through their regetation cover, so that it is natural to 
consider soil types in discussing regional surftxce albedos. 
It wns felt that  the region of black silt loam (for example 
section 48 of the flight paths) tends to show somewhat 
lower surface albedo than adjacent farmlands during the 
snow-free season, but the difference is too small t o  be 
conclusive. It rnixy be stated that the surface albedo 
difference due to soil types is less important than that 
due to  vegetation covers, at  least where bare soils are not 
common. 

Sixteen sections representi-ng typical surface types along 
the Wisconsin flight path were arbitrarily selected. Table 
3 contains the montlily surface albedo and coefficient of 
vuiability of these sections. May, August, and October 
dnta are not included for comparison because of the 

possible effects of clouds during the flights. Listed 
albedo values in table 3 may concisely illustrate the 
preceding discussion. 

Table 4 illustrates the seasonal change of surface 
albedo for these 16 sections. The table sliows the ratio 
of surface albedo of a monthly observntion to surface 
albedo of the April observntion in etich section of the 
flight path. By such a ratio, the mwch of the seasons 
may be traced. Escept for section 50, downtown 
hllndison, the i'ery high albedo value suddenly drops 
after snow melts in the spring, rises somewhat during the 
early and midsummer, falls again to its lowest value 
during the fall, ancl then rises again to the high winter 
values, thus completing one annual cycle. The increase 
of the albedo in summer is relatively small in comparison 
with that in winter, so we recognize two major seasonal 
variations of the surface albedo: snow-covered and snow- 
free. In general, it also may be recognized that the 
albedo increase in winter is much more pronounced in 
areas where lower vegetation is dominant, such as farm- 
lands, although the actual albedo value of forests is lower 
thtm that of farmlands both in winter and summer. 

TABLE 4.--Seasonal variation of surface albedo in Wiscons in  as  
illustrated by  ratio of monthly observed albedo to that of April 

Ratio of monthly observed surface albedo to that  of April 
Section' 

0. 85 
0.79 
0.77 
0.96 
0.94 
1. 08 
1. 16 
1.30 
0.99 
1. 12 
1. os 
0.97 
0.96 
0.97 
0.96 
0. 98 

*See Table 1 and 2 for surface charactcristice. 
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TABLE 5.--Sample analysis  o,f variance of surface albedo data of 
Wiscons in  monthly flight iiwasiireiiieiLts 

Source of variation Degree of Sum of F 1 freedom 1 squares 1 1 
Snow-covered season (Jan., Feb., Mar., and Dec., l9G3) 

............................. 6046.03 *6.39 
............................... I I 287.87 ‘i:::! 1 1.42 

Section- 
Month 
Error. ............................... 2839.54 G i .  61 ............ 

Total .......................... 9173.44 ........................ 

Snow-free season (Apr., Jime, July, Sept., and Sov. ,  1963) 

Section.. ............................ 
Month ............................... 
Error. ............................... 

Total .......................... 

1: 1 147.98 1 ;!:&; 1 ‘8.88 
173.58 *38.47 

56 66.74 1.19 ............ 
i 4  388.28 ........................ 

‘Extremely significant at  0.5 percent level. 

One of the basic approaches in this study is, as discussed 
in sections 1, 3, and 4, to assume that the averaged surface 
albedo value in a section of the flight path is tlie regionrilly 
representative surface albedo in that section of the particu- 
lar surface texture. I n  this way, the averaged surface 
albedo in each section may be regarded as an observational 
value, and its regional and monthly variations may be 
tested for their statistical significance. The method of 
analysis of variance for multiway classification (see Steel 
and Torrie [33]) was applied to the surface albedo values 
presented in table 3. January, February, March, and 
December data, and April, June, July, September, and 
November data were separately grouped and analyzed as 
albedoes in the snow-covered and snow-free seasons, 
respectively. Data of section 50 of the flight path were 
not included in analysis because of missing data in some 
months. Total variances of the two groups were sepa- 
rately partitioned into three sources of variation: section, 
month, and error. The results of the analysis of variance, 
presented in table 5, indicate the following facts: 

1. F-value for testing the null hypothesis is extremely 
significant for the section of the flight path during both 
snow-covered and snow-free seasons, and for the month 
during the snow-free seasons. The 3’ -dues  are not only 
significant a t  the usually adopted 1 percent level but also 
extremely significant a t  tlie 0.5 percent level. This is 
strong evidence that there :ire real differences of the surface 
albedo among sections of the flight path, and that there 
are real monthly variations of surface albedo during the 
snow-free season although the variations themselves are 
small. 

2. During the snow-covered season the monthly 
variation of the surface albedo in not statistically signifi- 
cant. The difference of monthly albedo values in each 
section during this season appears to be due to some 
factor other than a systematic monthly change, probably 
the state of the snow cover. 

3. Though the coefficient of variabliity (see table 3)  
within sections of the flight paths is rather large, the 
averaged value of the surface albedo for a section is 
representative of the section and can be treated as a single 

obserration value for an area section. This supports 
our basic concept: to view the regional surfnce albedo as 
a synthetic reflectivity of the cnrth’s surface within a 
given area. 

A noteworthy fact in tnble 3, as discussed in the 
preceding paragraph, is the rather high coefficients of 
variability of the surface albedo especially cluriug the 
snow-covered season. A variability larger than 30 per- 
cent is not uncommon and it may reach 70 percent. 
The flight observations of January, Februtiry, March, 
and December were macle on clear-sky days mlien a cP 
air mass \vas present over Wisconsin, so that the top-facing 
solmimeter output is almost constant. The trace of 
the ground-facing solarimeter output shows large fluctu- 
ations in the amount of reflected solar radintion ~vhich 
occurred during the flight a t  intervals mainly ranging 
from 80 111. to 800 m. and were imposed upon the general 
trend of change of tlie reflected radiation. These short- 
interval fluctuations of the reflected radiation are primarily 
due to the spacing of woodlots, variability of the forest 
density, mixing of different tree species, and changes in 
tlie reflectivity of the snow co\-er. 

The coefficients of vibriability of the surfiice albedo in 
the snow-free months are smaller than those in snow- 
covered or snow-melting months, varying fro i n  less than 
10 percent to 30 percent. These coefficients also may 
express variability in the surface cover within the section, 
Le., mixing of different vegetations, buildings, ecological 
variation of different types of vegetation, soil moisture, 
etc. Nevertheless special care must be tnken when 
discussing the summer month values of the coefficients. 
I n  contrast to the winter month observations, tlie obser- 
vations after snow-melting were not conipletely free of 
cloud effects, because of the existence of some “summer- 
type” clouds. The parts of the record, however, which 
were obviously cloud-affected were eliminated. 

Before employment of the instrumented tiirpl:ine, 
stationary instrument complexes could not detect this 
type of variability, which is t i  parameter that expresses 
the effect on the reflectivity of the heterogeneity of the 
texture of the earth’s surface cover. 

6. SURFACE ALBEDO AND SNOW COVER 
As the systematic monthly variation of the surface 

albedo is not s t a t i sh i l l y  significanb, the rather large 
monthly fluctuation of the surface albedo value during 
the snow-covered season should be a function of the 
properties of the snow cover. A synoptic or climato- 
logical parameter to indicate extent of the snom cover in 
an area is available as the depth of snow on tlie ground. 
The more completely the snow covers the earth’s surface 
in an area, the higher the surface albedo should be. 
However, from figures 1 m d  2 and table 4,  it is noted that 
depth of ground snow gretiter than approximately 5 in. 
is not necessarily reltited to an increase of tlie surface 
albeclo. A ratio of the surface albedo with snow cover 
to  that without snow cover is computed by comparing 
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FIGURE 3.-Surface albedo related to depth of ground snow cover. 

each month to April when the surface cover structure is 
most similar t80 that underlying the snow during the winter. 
This ratio was computed for each monthly surface albedo 
value of the sections during the snow-covered season 
along the Wisconsin flight path, and plotted against the 
ground snow depth of the area section as shown in figure 3 ,  
using different notations for farmland areas, forest areas, 
and mixed areas of farndand and forest. 

As a whole, 
the surface albedo increases rapidly as the snow accumu- 
lates, but after the snow accumulates 5 in. or so, there 
is no further increase in albedo. This can be explained 
as follows: exposed patches not covered by the snow 
decrease both in size and number as the snow depth 
increases, and after the snow accumulation reaches a 
certain depth, the forest, trees and other bodies above the 
ground snow bear the maximum amount of snow cover 
on them that they can sustain. The ratio curve in figure 3 
is about equal to 3 after the show depth reaches 5 in. 
and we can include most of the plotted values if we take 
arbitrarily i 0.8 as the error range. It can be noted 
that generally the ratio in forests is comparatively low. 

The points in figure 3 are rather scattered. 

745-274-64-2 

This is understandable, since there are more dark bodies, 
such as stems, still exposed in the forest area than in 
farms, even after the tree canopy supports the maximum 
sustainable amount of snow. If the surface albedo does 
not increase significantly after the ground snow reaches 
a certain depth, then the scattered feature of the plotted 
values in figure 3 should be largely due to the reflectivity 
of the snow, which is affected by original crystal structure, 
freshness, etc. 

7. ALBEDO OF VARIOUS TYPES OF SURFACE COVER 
OF THE NORTH AMERICAN CONTINENT 

The albedo values observed during the long-range 
flights over North America over rather typical and simple 
surface covers are tabulated in table 6. These are listed 
separately for each flight mission because the flight 
dates may indicate the particular phenological state of 
t,he vegetation cover in the area. It must be kept in 
mind that the type of surface cover listed for an area in 
table 6 is not necessarily the only kind of surface cover 
in that area; it rather means that some kind of surface 
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FIGURE 4.-Flight paths of continental surfacc albedo ineasurements over North America. 

cover is heavily and uniformly dominant in such an 
area (see discussion in section 1). 

Probably the only  surface albedo measurement made 
on a continental basis before this study was Fritz’s [14] 
observation on March 22, 1947. using the B-29 airplane 
from Washington, D.C., to Inyokern, Calif. The flight 
altitude varied from 2.1 to  5 . 3  km. and was usually 3 km.; 
thus, he was forced to  extrapolate the measured d u e  
downward to  the surface assuming the decrease of albedo 
with increase of pressure. Over the western mountains 
where less albedo extrapolation by height was involved, 
t,he agreement with our study seems good. Bauer and 
I h t t o n  [I, 21 made regular flight investigations of the 
surface albedo over south central Wisconsin in  1959-60. 
Kuhn and Suomi [19] made several flight observations of 
the surface albedo during the summer of 1956 from 

O’Neill, Nebr., to Madison, Wis. Robinson [30] listed 
surface albedo values of various surface types over 
southern England as the results of his aircraft observa- 
tions during 1954-57. The surface albedo values given 
by  these previous investigators are comparable with 
our listing in table 6. 

The Wisconsin monthly observation included the sur- 
face albedo of Madison; during other long-range flights, 
including the observation incidental to a Canadian eclipse 
observation on July 18-21, 1963, measurements were 
taken over other cities of various sizes. The observed 
values are listed in table 7 for those towns and their 
suburbs. As is seen in figure 1, and tables 3, 4 and 7, a 
city, as represented by  Madison in the Wisconsin monthly 
flights, is the darkest area during the snow-covered season, 
except,=when the snow is not yet cleared or “darkened’ 
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Dcciduous forest.- .............................. 
Pine forest ..................................... 
Swamp and lagoon ............................ 
Bare field ...................................... 
Woody bare field .............................. 
Oak and hickory forcst ........................ 
Bare and green field mixed ................... 
Farmland ..................................... 

Ernest C . Kung. Reid A . Bryson. and Donald H . Lenschow 

E . Texas .................... 
E . Tex:is ................... 
N.E. Imiiskina ............. 
N . Mississippi .............. 
PI'. Ark:ansas ................ 
S.E. Missouri.. ............. 
Central Illinois ............. 
N . Illinois, S . \!'isconsin .... 
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Ilesert (brown %and)- ......................... 
Leva flow ..................................... 
Salty land.-- .................................. 
I1escrt with salt-loving shrubs ................ 
Doscrt shruhlnnd (hrown s:md) ............... 
l h s c r t  shrubland .............................. 
Desert near Las \'cgas ......................... 
Irrientcd field ................................. 

TARLE B.--Xurface alhsdo over ureas of tijpzcal sicrface cover in hrorth A m e r i c a  . (See  $0 . /t ]'or flighl paths) 
I, 

...... 
W . Central Utah- .......... 
W . Central Utah ........... 
\V . Central Utah ........... 
\V . Central Utah ........... 
S.\V. Uta11 .................. 
S.E. Ncvatla ................ 
S . E. hTevada ................ 
S . 1% California .............. 

I Surface type 

1)eGrt near Yuma ............................ 
1rrig;itetl field ................................. 
Barc and green field near Cnsn Grantlc ........ 
Sonora Desert ................................. 
Vallcy area- ................................... 
Irrigated field ................................. 
Gnissland.. ................................... 

SurPaw type 

S . b. . California.- ............ 
S.\V. Arieonn-.- ............ 2&23 I'orest ........................................ 
S . Arizona. .................. 22 Woody farmland ............................. 
S . Arizona .................. 22 Forested hill ................................. 
S.\V. h'cw hlexico 16-18 Fnrmland 
\V . Texas .. 19 Varmland .................................... 
S . C e n t r a l 1  

27-28 

.......... .................................... 

18 

1 Locality 

olina . 
Central North Carolina ..... 
S . Virgiui.a .................. 
S.W. I'cnnsy1vani;i- ........ 
Central Ohio ................ 
Indiana ..................... 

Surface 
Albedo 

14 
14-15 

14 
14-15 
14-16 

&I arch 17. 1963 
I I I1 

City 

Woods farm covcrod with snow. ............... S.W. Wisconsin.-- .......... Woody [arm with old thin snow cover ......... S.W. Iowa .................. 
Cor11 fieldcovercd withsnow .................. N.E. Iowa .................. 50-51 Corn field ..................................... S . Iowa .................... 

3840  

Black plowed corn field- ...................... 1 N.W. Iowa ................. I 9-11 1 1  Corn field along Rlississippi ................... 1 S.E. Iowaand N .W Illinois . 12-13 

. I 1 > i t C  
(1963) 

April 14-17. 1963 

l'o\\.n 

15.4 
15 . 2 
16.3 
14.9 
15.9 
17.8 
41.3 
15 . 6 
17 . 0 
13 . 1 
12.4 
15.9 
14.0 
19.5 
20.0 
22.9 
22.0 
18 . 1 

I6 . 5 
14.0 
17 . 7 

15.2 
14.5 
12 . 5 
12 . 1 
13.7 
13.0 
lti.8 
I6 . G 

_ ........ 

......... 

Woody farm with corn stuhbles ............... PIT . Iowa .................... 
Pasture laud and f m n l a n d  mixed ............. N . Iowa .................... 

Suburb 

17.9 
12.9 
14 . i 
15.0 
14.2 
13.t) 
3i .8  
16 . (i (salt flat) 
18 . i (irrigated field) 
15.5 
16.2 
13.0 
15.9 
2G . 5 (desert) 
19.4 
23.5 
2tr . 4 
16.7 
16.6 
15.7 
13 . 1 
14 . 1 
15.1 
11.4 
1 l . G  
13 . 1 
15 . 1 
16.1 
15.3 
14 . 7 
16.0 

Plowed field ................................... I 

&I adison. \Vis .......................... 
R.1 adison, \Vis .......................... 
1 .I adison, \Vis .......................... 
>ladison, \Vis .......................... 
>ladison, \Vis .......................... 
&I adison, \Vis .......................... 
X, I adison, \Vis- ........................... ......................... 
Ogdcn, Utah 

~~~~~~~~~~~~ 

Grassland. mostly pastured ................... 
D r y  karming field .............................. 
D r y  grassland ................................. 
Pastured grasslantl ............................ 
Desert shruhlantl.. ............................ 

Fch . 21 
hl ar . 

N.W. Iowa ................. 
W . Sout. h Dakota ........... 
16 . Wyoming ................ 
S.E. Wyoming .............. 
\V . Colorado ................ 
\V . N e w  Mexico- ........... 

Grassl.and. mostly pastnred .................... 1 Central Texas ............... 1 

l 6 l i  
15-1 G 

15 
1 7-1 9 
20-22 

21 
19-20 
19-25 
17-18 

17 
14 
14 

16-1 7 
15-lIi 
16-17 
16-17 
1 6 1 7  

I 

June %-July 3. 1963 

Woody farm ................................... 
Woody grasslantl.. ............................ 
Prairie ........................................ 
Swamp and field .............................. 
Woody [arm ................................... 
Farmland ..................................... 
Grazitig land .................................. 
D r y  r im ravine ................................ 
Top of mountain (9, 000 ft . high) ............... 
Bottom of valley (9, 600 ft . high) ............... 
Irrigated farnrkand ............................. 
Black volcanic ash ............................. 
Sagehrush hill ................................. 
salt nat ....................................... 

\V . Wisconsin-.- ............ 
N.E. Minnesota ............ 
S.E. Manitoba .............. 
S . Mauitohi ................ 
E . Saskatcbewm ............ 
S . Saskatchcwwn ............ 
N . and S . Montana ......... 
N . Montana ................ 
S . Montana ................. 
S . hlontana. ................ 
IF . ldaho .................... ~~ 

S . E . Idaho .................. 
S.E. Idaho .................. 
N . t i tah .................... 

15-1 6 
16-17 
12-13 
12-13 

14 
15 

1 i r l 6  
17-18 

16 
14-15 
1 5-1 6 

9 
14 

1 i-19 

Great Salt L i k e  (walcr) ....................... 
Shore of Grclit Salt Lake (salt) ................ 
Irrigated farmland- ............................ 
Desert shrubland- ............................. 
Meadow ...................................... 
Forest and hare soil ........................... 
Glacier ........................................ 
Forest.. ....................................... 
l>ry farms ..................................... 
Firm and pasture land ........................ 
F.irmland ..................................... 

F~irmlautl  ..................................... 

N . Utah .................... 
N . Ul.ah .................... 
S . Idaho .................... 
S.W. Itl:1ho ................. w . 1tl.Lbo. .................. 
W . Idaho, S.E. \V:isliiiigton 
Centnal Washington ........ 
W. Washingtoti ............. 
S . South Dakota ........... 
W . Nehrnska ............... 
S.E. Ncbraskn, N.E. 

N . Missouri, W . Illiiiois ..... 
K.ansns . 

3 
25 
17 
17 

11-12 
11-12 

27 
14-10 
13-14 
15-16 
14-16 

16-18 

Scptemher 5-10 1983 
~ 

Farmland ..................................... I JV . h'ehr.iska ............... I 1617  I /  S\\'alnP ........................................ I E . Texas . S.W. Louisiana.--l 13-14 
................................ ............. Irrigated farmland ............................ ............... 1617 
................................ ................ ............................ Louisiana 
................................. . 

23 
25 
"4 
29 
21 

21-23 
24-27 
16-23 

Citrus grovc ................................... 
Swamp ........................................ 
I3;arc field ..................................... 
I'orcst ......................................... 
Ocean ......................................... 
1 idal flat ...................................... 
Woody farmlnnd- ............................. 
r >  

..... 
JV . Floritle.- ................ 
S . n .  I%rida- ............... 
S.E. I'lorida ................ 
N.E. IWrida, S.E. Cicorgia .. 
S . SoiiI.h Carolina ........... 
S . Soiitli Carolina .......... 
South Carolina . A-ortli Car- 

.... 

16 
IO 

14-15 
13 
5 

5-7 
14-15 

as in the cme of the h4adison albedo value of December 
19 . This should be a significant factor in discussing the 
regional climate of the winter senson . In table 7 a wide 
range exists in the albedo value for various cities . It is 
also obvious that there exists a difference between city 
and suburb albedo values in most of these cities . This 
difference can become an iniportnnt fiLctor when com- 
bined with other urban characteristics such ns cliaiiges 
in t-he wind, moisture. etc., in a study of the city climate . 

It is difficult to discuss the sensonid variation of the 
city albedo from our data . However it may be conceived 
that the city albedo can be strongly affected by the 
temporal factors of locality . 

8 . CONTINENTAL SURFACE ALBEDO MAPS 

Surface albedo maps are a preferable way to illustrate 
the horizontal and seasonal variations of the surftbce 
albedo over a continent . The constructed maps can also 

TABLE 'i.-Sur[ace albedo of towti and suburb i n  variozcs cil ics 

Boise. Mont  ............................ 
Wausau, \Vis ........................... 
I)uluth, kI inn .......................... 
Winnipeg, Manitoba ................... 
CJraud Forks, N . Dak .................. 
L:is Vegas, Nev ......................... 
Yunia, Ariz ............................ 
Gila Ihmtl, Ariz ........................ 
'Ihcson, Ariz ........................... 
San Antonio, Tex ....................... 
I.louston, l 'ex ........................... 
!'art Arthur, 7'ex ....................... 
Mobile Ala ............................ 
>I iaiiii, ' Fki.-- .......................... 
J.icksonville, Fla ....................... 
Waycross, Cia.-. ....................... 
Jcssup, G a  .............................. 
\Vashington I1.C ....................... 
~anesvi~ ie ,  61iio ........................ 
Columbus, Ohio ........................ 
Cincinnati, Ohio ....................... 
Illoomington, Ind ...................... 
Champaign.Urbana, 111- ............... 

Ju ly  1 
July 18 
July 18 
July 18 
July 21 
scpt . 6 
Sept . 6 
Scpt . 6 
Sei11 .. 6 
Scpt . i 
Sept . 7 
Sellt . i 
S w t  . 8 
Scpt . 9 
S C l ) t  . 9 
S C l l t  . 9 
SCl)L . 9 
s e p t  . 10 
Sellt . 10 
Sellt . 10 
SClJt . 10 
Scpt . 10 
Sept . 10 

Surfiace albedo 
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FIGUEE 5.-Gcricralizcd pnttern of land use and forest cover for North Arncric:i. 

be used in the study of atmospheric behavior. The 
results of the Wiscorisin monthly flights arid other long 
r m g e  flights over North America, as presented in the 
foregoing discussions, show characteristic surface albedo 
values for surfaces of different structure. Since the 
regional surface albedo is a combined reflectivity of the 
mnterials composing the earth's surf ace cover, areas of 
the same or almost the same surface texture are expected 
to  have the snme or almost the saiiie surface albedo value. 

The texture of the surface cover over tlie North Ameri- 
can Continent \vas studied mainly in terms of lnnd use, 

veget;ition type, plienology of \,eget>ttion, soil types, 
siiow corer of the ground, etc. Generalized patterns of 
land uses and lorest types, which are the basic structures 
of tlie continental surface coger, are outlined in figure 5 
from various sources(i\farschner [21]; US. Department of Agri- 
culture [39] ; Rowe [31] ; Raisz [25] ; ~voi-ld atlases [lo], 
[16]; and others). However, the patterns shown on 
figure j are immensely simplified ; to study the similarities 
and difl'erences in surface texture among the regions, 
more detailed information on land use and veget n t' ion 
type was examined along with the knowledge of phenol- 
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FIGURE 6.--i\~Iulti-:innu:~l average depth of snow cover, in inches, for 
January 31 over North America as adapted and intcrpo1;rtcd from 
thc U.S. Army Corps of Engineers [36]. 

FIGIJI~E S.-Multi-annual mininlum clcpth of snow cover, in inchcs, 
for January 31 over North America as adaptcd :md iiitcrp01:~ted 
from [36].  

FIGURE 7.-Multi-annual maximum depth of snow cover, in inches, 
for January 31 over North America as adapted and iiitcrpolntccl 
from 1361. 

FIGURE 9.--i\lulti-annual average depth of snow cover, in inches, 
for March 31 over North America as :Ldaptucl and interpolated 

-~ from [36]. 
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ogy, soil types, and others. For these, reference was 
nii~de to Curtis [’i], Cunningham, Horn, and Quinney [6], 
Dominion Bureau of Statistics [SI, Ferguson and Long- 
w ~ o d  [I 1 1 ,  Ferguson and McGuire [12], Findell and Pfeifer 
[13], Hole iind Beatty [l’i], Hutchinson and Winters [IS], 
NebrasktL Conservation Needs Committee [22], New 
Jersey Department of Agriculture [23], h4:mchrier [all, 
Pennsylvtmia Forest Industries Committee [24], Rowe [31], 
Si11:LS [:32], Stone and Thorne [35], Stone and BtLgley [34], 
U.S. Dep:artmerrt of Agriculture [37, 391, ’U.S. Depart- 
ments of Agriculture and Commerce [%], Wuner  and 
Clime [42], West Virginia Conservation Needs Com- 
mittee [41], Wisconsin Conser\-ation Department 1431, 
Wisconsin State Department of Public Instruction et  al. 
[&I, and correspondence was carried on  with inany other 
local conscrvation authorities. Multi-annual statistics 
of depth of the ground snow were adapted and inter- 
polated from a publication of the ’US. Army Corps of 
Engineers [36], :md are shown in figures 6 through 9. 

On the basis of the above-mentionecl informiLtion on 
the e;artli’s surface cover over North America, surftbce 
albedo values can be assigned to various regions of the 
co tititierit for each season using the surface albedo data 
niemured by our flight observations. 
In addition to our flight measurements, :L few references 

were made to the albedo data obtained by other in- 
vestigators. Albeclo data obtained by Ragotxkie and 
i\~tcFndclen [27] during flights in northern Caniada on 
July 1 and 7, 1963, (see fig. 4 for flight path) were referred 
to in mapping albedo of this area. Ragotzkie and 
NI cF:Ldclen’s [26] flight albedo observations during the 
period October 24 to November 10, 1961 over Manitoba, 
western Ontario, Minnesota, and Wisconsin gave addi- 
tional information concerning the albedo of some boreal 
snow-covered surfaces. Albedo of \wious stages of 
h k e  ice were adopted from obserntions by Bnuer imd 
Duttori [I, 21 over Lake Wisconsin rmd Lake Mendota. 
‘I‘hesc references were employed because their instrumentn- 
tion systems resembled ours and also their albedo data 
could be checked against our data. 

Since our albedo measurements of tlie snow-corered 
earth’s surface were typically taken two or three days 
after II major snowfall, the consequent snow-covered 
:albedo \-dues in the constructed maps should represent 
those vitlues with “moderately fresh” snow. According 
to the discussion in section 6, i t  was assumed that an 
accutlluliitioti of ground snow more than 5 in. does not 
contribute to an increase in the albedo value. W h e n  
direct observational information of tlie snow-covered 
surfuce albedo W:LS not available for regions of pnrticular 
surface structures, the albedo values were interpolated, 
using the rehitionship between surface albedo and snow 
cover as discussed in section 6. 

The  iiiiijor annual cycle of the surface albedo variation, 
the snow-covered season and the snow-free season, suggests 
the construction of three types of seasonal surface albedo 
maps: n. winter imp, n summer map, and a map for 

seasons of transition. Where a phenological cycle of 
vegetation is appilrent, there also exists a secotidnry, but 
statistically significant, variation during the snow-free 
season. This was considered in plotting the suinmer 
map and the snow-free part of the transitional setLson. 

According to the method described above, season:rl 
surface albedo maps were constructed for North America 
as shown in figures 10 through 14. Figure 14 is the 
summer surhce albedo map, which shows tlie basic 
pattern of the reflectivity of the earth’s surface over 
North America when snow does not exist. The high 
albedo above 20 cliutxcterixes the desert areas in tlie 
western United States. The low albedo values are found 
mainly over ii1.e:ls of swamp, smiilnp forest, oak-hickory 
forest, and some pine forests. The characteristic regional 
variation of the surface :albedo due to  differenl textures 
of the surface cover is tqqxtrent in the summer map. 
Nevertheless, the clifferetices among regions are not as 
striking ILS in maps of snow-covered seasons. 

Figures 10, 11, :wcl 12  show the winter surface albedo 
maps constructed by using t h e e  difierent snow-cover 
patterns in the midwinter. Figure IO is the winter map 
constructed by using the tnulti-annual mean January 31 
snow depth in figure 6. Figures 11 and 12 were con- 
structed by using the multi-annual statistics of 1112, ’ xiinurn 
January 31 snow depth in figure 7 and minimum Jan- 
uary 31 snow depth in figure 5, respectively. 7‘11~s 
figure 10 displiLyS the normalized situation of the surface 
albedo in tlie winter over the continent, while figures 11 
and 12 respectively indicate the possible highest and 
lowest albedo putterns in tlie inidminter over the contitlent. 

When and where the earth’s surface is deeply snow- 
covered, high albedo values above 60 are found in the 
areas of frozen lakes, tundra, prairie, desert, and farms, 
while relatively low albedo vidues are found in the forested 
areas depending on the density and types of the forest. 
When the ground snow depth is shallow (i.e., less thnn 5 
in.), the variable intermediate albedo values between 
deeply snow-covered and snow-free values are observed. 
The patterns presented in figures 10 and 11 are quite 
different from that of the suninier map and the differences 
of albedo values among regions are very large. Figure 
12, the winter surface albedo niap of possible iniiiiniuni 
ground snow cover, is quite different from figures 10 nnd 
11. Since the ewth’s surface can be essentially free of 
snow in the United States in the midwinter as shown in 
figure 5, the pattern resembles thnt of the summer map 
south of approsituately 45’N., while the northern pnrt of 
the continent shows the snow-covered albedo values. 

The surface albedo map of the transitionrd setsons 
between winter imd suimiier is shown in figure 13. This 
niap was constiucted with the multi-annual ineim Miirch 
31 snow depth of figure 9. As the ground snow beconies 
much less than that of the average winter condition in 
the United States and southern Canada, the grudual 
decrease of the albedo value from north to south corre- 
sponding to  that  of snow depth is the characteristic of 
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FIGURE 10.-Winter surface albedo map for North America (using mean January 31 snow cover). 

this map. The differences of the snow-free albedo values latitudes than over northern and southern parts of the 
for different seasons in a single region, as observed in continent, for two reasons. First, the earth’s surface 
figures 10 through 14, reflect the phenology of the vege- characteristics are complex over the United States, except 
tation cover. Alaska; second, the information on land uses is more 

The constructed albedo maps, especially the summer restricted for Alaslia, northern Canada, and Mexico than 
map, show more complicated patterns over the middle for the United States. 
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FIGURE ll.-TVintcr surface albedo map for North America (using maximum January 31 snow cover). 

Before this study an approximation of the global sur- 
face albedo maps was made by Posey and Clapp [25] using 
previously existing albedo data. The general trends on 
their maps are comparable to  those shown here. 

It is interesting to  examine the constructed surface 
albedo maps from the large-scale point of view. From 
the maps presented in figures 10 through 14, the zonal and 

continental means of the albedo may be estimated for 
each seasonal map. The zonal mean for each 5 O  ltiti- 
tudinal band and the continental mean value were com- 
puted from ZOO to 70°N. of the North American Continent 
using the area of the region as the weighting factor. The 
results are listed in table 8, and the meridional profiles 
of the continental surface albedo are presented in figure 15. 
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, ,  1 1 5  t ' .  -, i .  . 7 , .  . . ,/,y 
?. 

FIGURE 12.-Winter surface albedo map for North America (using minimum January 31 snow cover). 

In  the summer the north-south variation of the con- increase from south to  north. The seasonal variation of 
tinental surface albedo is almost negligible in comparison the continental albedo is negligible south of 30"N. on 
with that of the snow-covered seasons. I n  the snow- account of a lack of snow cover. 
covered seasons, the north-south difference of the surface The effect of the presence and depth of the snow cover 
albedo may be as large as 67 in contrast with at most 3 of is most remarkable in the middle latitudes. In  the 
the summer. The meridional profiles of the continental 45'40"N. latitudinal zone the albedo difference between 
albedo during the snow-covered seasons show a very rapid winters of maximum and minimum snow depth may be as 

'148-274464-3 
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FIGURE 13.-Surface albedo map of transitional seasons between winter and summer for North America (using mean March 31 snow cover). 

large as 31. I n  the middle latitudes, the existence of We designated figure 13, constructed with niean March 
large fluctuations in the meridional profile of the surface 31 snow depth, as the albedo map of the transitional 
albedo during the snow-covered season should be a signifi- seasons between winter and summer. As shown in figure 
cant factor in the study of the large-scale circulation. 13, the “transitional” feature of the albedo is most 
As an example, Lorenz [20] discussed a possible mechanism apparent in the middle latitudes around 40’N. It must 
for irregular fluctuations in the intensity of the general be noted that the designated albedo pattern of the tran- 
circulation in relation t o  time variation of the albedo. sitional seasons, as shown in figures 13 and 1.5, only 
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FIGURE 14.-Summcr surfncc nlbcdo map for North Amcricn. 

implies the albedo of the transitional seasons, but it does 
not necessarily represent the gradual time variation of tile 
seasonal albedo. As illustrated in figure 15, the average 
meridional albedo profile of the transitional seasons is s ell 
in the fluctuation range of the winter albedo, and resem- 
bles that of the average winter. Actually the decrease 
and increase of the surface albedo value in the transitional 

seasolis are of a sudden nature in accordnnce with snow 
melting axid falling, as observed hi the Wisconsin monthly 
flights (see fig. 1). This is nn important feature in dis- 
cussions of air mass modificntioii in relation to the march 
of seasons (see Bryson and Lahey [4]). In  the 45040°N. 
latitudinal zone, for instance, ,.Ilc zonal albedo drops 
immediately to half of the shallo\v snow-covered e:lrly 
spring value of 31 after the snow melts. 
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7045  ........................ 
6 5 ~ 0  ........................ 
6 ~ 5 5  ........................ 
5 ~ 5 0  ........................ 
50-45 ........................ 
4 5 ~ 0  ........................ 
40-35 ........................ 
35-30 ........................ 
30-25 .-. ..................... 
25-20 ........................ 

Continental Mean-- - - 

I 
I 

WINTER OF: 

82.8 
F i .  3 
59.1 
50.3 
46.4 
37.9 
28.5 
19.1 
17.8 
15.8 

43.0 

...................... 
OF TRANSITION 

-____ 
82.7 
58.2 
54.8 
45.8 
28.4 
19.0 
16. 0 
16.9 
17.8 
15.8 

34. 7 
~_ 

I I I I I I I I I 1 
0 20 40 60 80 100 
ZONAL AVERAGE OF SURFACE ALBEDO 

2L 

FIGURE 15.-Scnsoiial vnrintioii of iiicridional profile of coiitiiiciitnl 
surface albcdo over North America. 

The seasonal change of the surface albedo is also 
apparent in the continental mean (table 8). The mean 
of the summer albedo over North Arnericn is 16. The 
mean for the average midwinter is 43, and the spring or 
late fall value as designated by the transitional seasons is 
39. The midwinter value may fluctuate between 35 and 
47, depending on the snow cover. 

9. CONCLUDING SUMMARY 
To study systematically the basic features of the surface 

albeclo variation in rclation to the type of surface cover 
and the march of seasons, a series of 12 monthly flights 
along a selected flight path in Wisconsin and a series of 
four long-range flights over extensive areas of the United 
St;Ltes and Canada were performed with a light, twin- 
engined airplane, which was equipped with an upward- 
facing Kipp and Zoneti hemispherical solarimeter and a 
downward-facing parabolic reflector with a Kipp and 
Zorien solarimeter a t  the focus. Roughly 210,000 sets of 
the measurements taken during the approximate total 
flights of 24,000 mi. were processed for analysis. 

82.8 
67.3 
57. 7 
48.0 
37.6 
30.5 
21.1 
17.4 
17.9 
15. a 
39.4 

TABLE 8.--Zonal and continental means of surface albedo ouer North 
America  

I Continental Surfacc Albedo 

_ _ ~  
16.1 
15.6 
16.5 
14. G 
14.8 
15.8 
16.5 
17.2 
17.9 
15.8 

16.0 
_ _ ~  

Winter 01 
mean snow 

depth 

Latitudinal zone (" PIT.) 
Winter 01 
nnx. snow 

depth 

82.8 
67.3 
59.1 
50.3 
48.9 
50.4 
40.8 
26.2 
17.8 
15.8 

47. 4 

__ 
I I 

Winter of Transi- 
min. snow tional Summer 

depth 1 seasons 1 

The observed surface albedo values, with the aid of the 
andysis of variance of the data, clearly indicate that there 
are statistically significant differences of albedo values 
among regions of difl'erent types of surface cover (uniform 
or variously intermingled surface covers), and that the 
mnrch of seasons can be traced in the observed albedo 
values. An annual cycle of the regional surface albedo 
is recognized in Wisconsin; the very high value in the 
winter suddenly drops after snow melts in the spring, 
rises soniewht  during the early and miclsuinmer, falls 
again to its lowest value during the fall, and then rises 
liack to die high winter value with the coming of thc snow. 
Snow-covered rtnd snow-free nlbcdoes are the two major 
seasonal variations of the surface albedo. However, the 
variation of the surface albedo during the snow-free 
season also has a statistically significant nature, and it 
appears to reflect the phenological cycle of the vegetation. 

The snow cover and the bodies (i.e., trees, buildings, 
etc.) not covered by tlie snow are two major factors de- 
termining the regional albedo values during winter nioiiths. 
When the ground snow is rather shallow and there are 
patches not snow-covered, the surface albedo is apparently 
related to the depth of snow, but  further accumulation of 
the snow does not seem obviously to increase the albedo 
value after the ground snow depth reachcs 5 in. 

The coefficient of variability of the surface albedo (i.e., 
percent ratio of the standard deviation to mean in a section 
of the flight paths) expresses complex vizriability in tlie 
surface cover within the section. 

Over the North American Continent, the surface covers 
and their texture were studied mainly in terms of land 
use, vegetation type and phenology, soil type, and ground 
snow cover. The surface albedo values were estimated 
for various regions of the continent from the extensive 
flight measurement data and the results of the data 
analysis, considering tlie similrwity and differences in 
surface structure among the rcgions. Land uses and 
forest types are the most basic structures of the continental 
surface cover, and the snow depth is the most important 
modification of the earth's surface in evaluation of the 
regional surface albedo. I n  consequence of the albedo 
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evaluation, seasond surfwe albedo maps were constructed 
over North Ainericn for winter, suninier, and seasons of 
transition. Three winter tdbedo maps are composed in 
accordance with tlie average and possible iuaximuni and 
niininiuni snow depths over the continent. In turn these 
three winter albedo maps should iridicatc the normalized 
and possible highest and lowest surface albedo patterns 
in the niidwinter. 

Esaniintttion of the meridional profile of the continental 
surface albedo over North America sliows that the winter 
surface albedo increases rapidly from south to north, but  
this north-south vnrintion of the albedo is almost negligible 
in the sumnier. There exists a reniitrliable fluctuation in 
the continental albedo profile, especially in tlie middle 
latitudes, due to the presence and depth of the snow cover. 
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